Biocompatible silicon nitride thin films for self-rolled-up microtube technologies: guiding neurons by Froeter, Paul
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BIOCOMPATIBLE SILICON NITRIDE THIN FILMS FOR SELF-
ROLLED-UP MICROTUBE TECHNOLOGIES: GUIDING NEURONS 
 
BY 
PAUL JOSEPH FROETER 
 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Electrical and Computer Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2014 
Urbana, Illinois 
Adviser: 
 
 Associate Professor Xiuling Li 
 
 
ii 
 
ABSTRACT 
 
This thesis presents the evolution and optimization of a self-rolled-up membrane (s-RUM) 
that is not only insulating, but transparent and biocompatible, allowing it to be integrated 
into conductance, photonics, and strain-based sensor systems. These microtube-forming 
membranes are easily fabricated and can be integrated into a microfluidic channel (or 
become the channel itself) which can be easily integrated into an intravenous or catheter 
tube for diagnostics. Taking advantage of SiNx’s insulting properties allows conductance-
based biosensors to be integrated into the same channel as a surface-enhanced Raman 
spectroscopy (SERS) sensor. Further, analyte size exclusion is possible via diameter 
variation and surface functionalization, adding another degree of precision. Extending this 
platform beyond sensing to cellular growth guidance, we find properties unique to this 
material system and superior to existing platforms. The SiNx s-RUM platform can be used 
for applications from sensing to culturing, from disposable electronics to implants, and 
from brain-computer interfaces to stem-cell functionalized stints. 
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CHAPTER 1: INTRODUCTION 
 
Strain-induced self-rolled-up membrane (s-RUM) technology, where 2D membranes self-
assemble into 3D tubular architectures at micro- and nanoscale driven by built-in strain, is 
well positioned for extreme miniaturization and integration of photonic, electronic, and 
mechanical components, and for biomedical applications.
1-20
  A clear advantage of the s-
RUM system over other 3D patterned structures is the ability to fully functionalize the 
inner surface before rolling, allowing complex 3D devices to be fabricated with the 
precision of conventional lithography.  Clinical diagnostic tests are required for monitoring 
of a wide range of chemical and biological analytes, which may include drug compounds, 
metabolites, proteins, and bacteria. Because detection of some analytes requires specific 
chemical identification, while other analytes may be specifically detected most effectively 
using affinity capture assays, the ability to integrate multiple detection modalities into a 
single detection system would offer a highly complementary set of information regarding a 
patient’s status.  The ability to reflect the native environment also enables us to accurately 
monitor the impact on cultures, both locally and globally, by the addition of drug 
compounds.  
This thesis presents a novel neuron cell culturing platform that consists of arrays of ultra-
thin (<40 nm) silicon nitride (SiNx) s-RUMs, on ~150 μm thick transparent substrates. 
Although semiconductor s-RUMs have recently been shown to be a promising platform for 
investigating cell cultures, transparent membranes are preferred.
1-4 
 S-RUMs demonstrate 
robust physical confinement, with a coaxially-confined configuration resembling that of 
myelin sheaths. The dynamic neural outgrowth of primary cortical neurons, evaluated with 
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continuous live-cell imaging, showed a marked increase (20x) of growth rate inside the 
microtube compared to regions outside the microtubes. 
1.1 Origin of Self-Rolled-Up Membranes 
Strain-induced self-rolled-up membranes (s-RUM) have attracted great interest 
since 2000, finding their place in optics, electronics, and biology. 
1-16
 S-RUMs were first 
fabricated by Prinz et al. using a strained InAs/GaAs bilayer, released from a GaAs 
substrate through hydrofluoric etching of an AlAs sacrificial layer.
5
 In this system the 
rolling momentum is driven by lattice mismatch between the InAs and GaAs layers. Self-
rolled-up tubes of many different types have been realized using metalorganic chemical 
vapor deposition (MOCVD), molecular beam epitaxy (MBE), plasma enhanced chemical 
vapor deposition (PECVD), CVD, and e-beam evaporation, etc. Epitaxial single crystal s-
RUMs have been realized by both MOCVD and MBE methods (e.g., InGaAs/GaAs
5-8
).  
More recently, amorphous films like SiNx/Cr,
9
 SiOx
10-12
 and strained polymer bilayers
13
 
have been employed to achieve transparent and flexible s-RUMs.  Most interestingly, 
hybrid material systems have been realized using a combination of different deposition 
methods and fabrication techniques.
14-25
 Across the board, s-RUMs exhibit improved 
performance due to 3D physical, electronic, or electromagnetic properties after releasing 
from the substrate.  
Silicon nitride (SiNx) based self-rolled-up microtubes
22
 are attractive for photonic, 
electronic, and biological applications. Because they are transparent under visible light, 
tunable in refractive index, non-toxic to biological systems, inexpensive to fabricate, and 
compatible with Si integrated circuits, they offer themselves to a plethora of new 
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applications. SiNx microtubes formed from a strained single-layer membrane were 
previously demonstrated; however, the film was deposited in a SiH4:N2:He PECVD 
environment at high frequency (13.56 MHz) and power (99 W), inducing lower strain than 
is possible using silane/ammonia mixtures.
10
 A strain gradient was created when deposited 
on photoresist (PR) at 85 °C, resulting in tubular structures when submerged in solvent. By 
combining thermally grown silicon dioxide (compressive) and PECVD silicon nitride 
(tensile), Seleznev et al. fabricated gas heaters and sensors using hybrid SiO2/SiNx/Ti/Au 
integrated-circuit-ready microtubes.
23,24
 Microtubes were formed after etching the Si 
substrate using ammonium hydroxide.  
Unlike SiNx films deposited under high frequency (HF) at 13.56 MHz, films deposited 
under low frequency (LF) at 380 kHz are naturally compressively strained. Thus, 
oppositely strained bilayer (LF/HF) deposition can be achieved using a single tool. Unique 
to PECVD SiNx deposited through ammonia/silane mixtures,
26
 the NH3/SiH4 ratio can be 
adjusted such that the film has large amounts of amine fragments, which cause 
compressive strain, yielding smaller diameter microtubes. Additionally, it provides an 
opportunity to augment the thin film properties after deposition via a rapid thermal anneal 
(RTA). An RTA forces hydrogen and ammonia out-diffusion after microtube formation. 
We have created several unique geometries by utilizing the tunability of SiNx via PECVD 
deposition parameters. Diameter is controlled primarily through alternating high and low 
frequency depositions, but also through the use of various sacrificial layers. We can realize 
360° control of rolling direction and chirality and SiNx microtubes can be used as a 3D 
mechanical support for coaxial metallic structures, carbon nanotube arrays, and other 
functional components.
6, 22
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CHAPTER 2: MECHANISMS AND THEORIES 
2.1 Theory of SiNx Plasma Deposition 
To assist in film optimization, we constructed a first-order model of plasma 
enhanced silicon nitride chemical vapor deposition from ammonia/silane gas mixes, with 
special attention paid towards pressure and ammonia/silane gas ratio. By analyzing trends 
provided by this model, the system is tuned to achieve highly strained, high quality films. 
The plasma has been analyzed and treated as an ideal, homogeneous, RF capacitively 
coupled plasma, and a numerical model has been proposed. This model is used to analyze 
such characteristics as the electron temperature, density, and E/N as a function of chamber 
pressure and ammonia/silane gas flow rate. The trend exhibited by the electron 
temperature, density, and E/N fits the experimental data presented in the literature, and this 
model can be used as a tool for accurately determining electron temperature at a given 
pressure and ammonia/silane ratio.  
Silicon nitride was first realized by exposing silicon to high temperatures in a carbon 
packed, oxygen deprived furnace.
27
 Unfortunately, processing temperatures in excess of 
1200 °C require expensive furnace materials, are typically incompatible with complex 
materials, and use great power. Plasma-enhanced chemical vapor deposition (PECVD) 
uses an RF field to disassociate neutral gases containing the desired elements. Gases such 
as ammonia (NH3), nitrogen (N2), and silane (SiH4) have been used in the attempt to 
deposit silicon nitride films at temperatures between 100 °C and 500 °C. This temperature 
range is much more compatible with current production processes; furthermore, because 
the radicals have assistance in reaching the surface and activation energy gets a boost from 
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ion bombardment, the deposition rate in PECVD reactors has been proven faster than that 
in other CVD processes.
28
  
Silicon nitride can be formed directly from elemental components or from chemical 
compounds, and at temperatures ranging from 0 °C to 1450 °C, summarized in the 
following chemical reactions:
27
 
3𝑆𝑖(𝑠) + 2𝑁2(𝑔) → 𝑆𝑖3𝑁4(𝑠)   𝑎𝑡 1300 °C                                             (1) 
𝑆𝑖𝐶𝑙4(𝑙) + 6𝑁𝐻3(𝑔) →  𝑆𝑖(𝑁𝐻)2(𝑠) + 4𝑁𝐻4𝐶𝑙(𝑠)    𝑎𝑡 0 °C, decomposes into         (2) 
𝑆𝑖(𝑁𝐻)2(𝑠) → 𝑆𝑖3𝑁4(𝑠) + 𝑁2(𝑔) + 𝑁𝐻3(𝑔) + 𝐻2(𝑔)  𝑎𝑡 1000 °C                    (3) 
3𝑆𝑖𝑂2(𝑠) + 6𝐶(𝑠) + 2𝑁2(𝑔) → 𝑆𝑖3𝑁4(𝑠)  + 6𝐶𝑂(𝑔)  𝑎𝑡 1400 °C                       (4) 
Silicon nitride can be formed by exposing elemental silicon to a nitrogen-rich environment, 
but, due to the low diffusion rate of nitrogen through stoichiometric silicon nitride, the 
growth saturates at 5 nm.
27
  Other CVD processes result in aminosilanes (SiH4-n(NH2)n , 
Si(NH)2) and hydrogenated films, but can be reduced to Si3N4 as shown in the third 
reaction above. However, processing at such high temperatures can be detrimental to 
previous features and is incompatible with most epitaxial heterostructures. PECVD 
operates at temperatures between 100 °C and 500 °C, with typical systems operating 
around 300 °C, which is compatible with nearly all present fabrication needs. It has been 
shown that employing PECVD offers many extra variables with opportunities to control 
and tune refractive index, mechanical stress, deposition rate, and wet etch resistance.
26
  
Film composition can be controlled and predicted by using specific gas precursors and 
calibrating flow rates to the PECVD in question. By varying the composition of NH3, N2 
and SiH4 in NH3/SiH4 and SiH4/N2 systems, we can control the density of hydrogen in the 
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amorphous silicon nitride ([Si-H] + [N-H])/[Si-N]; hydrogen density is decreased by 
increasing silane in the ammonia-silane system and nitrogen in the silane-nitrogen 
system.
26
 Both of these systems have been widely explored, with the more successful being 
ammonia-silane, which was first investigated by Sterling and Swann in 1965.
26
 In their 
experiment, they optimized the deposition rate of their capacitively coupled PECVD and 
demonstrated control over the thickness and dielectric constant of silicon nitride by 
varying deposition temperature from 25 °C to 700 °C.  
A PECVD can be modeled as a homogeneous capacitively coupled plasma, as explained 
by Liebermann.
29
 The following assumptions can be made about a homogeneous system: 
the ions respond only to the time-averaged potentials, the electrons respond to the 
instantaneous potentials and carry the RF discharge current, the electron density is zero 
within the sheath regions, there is no transverse variation along plates, and the ion density 
is uniform and constant in time everywhere in the plasma and sheath regions. 
The overall plasma reaction can be modeled by a simple equation, although the actual film 
is complex in bond structure, non-periodic, and non-stoichiometric. It is considered a 
hydrogenated amorphous silicon nitride. However, it has been shown that exposure to high 
temperature can reduce, by way of ammonia out-diffusion, the hydrogenated film to β-
Si3N4 (stable crystal structure).
26
 The following overall reactions apply for 
ammonia/silane systems: 
𝑆𝑖𝐻4(𝑔) + 4𝑁𝐻3(𝑔)
𝑝𝑙𝑎𝑠𝑚𝑎
→      𝑆𝑖(𝑁𝐻2)4(𝑠) + 4𝐻2(𝑔)            𝑎𝑡 300 °C              (5) 
3𝑆𝑖(𝑁𝐻2)4(𝑠)
ℎ𝑒𝑎𝑡
→  𝑆𝑖3𝑁4(𝑠)   + 8𝑁𝐻3(𝑔)            600 °C post anneal        (6) 
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We can see the benefits of this process immediately, as it occurs at much lower 
temperatures compared to other CVD processes, and can be improved by a postdeposition 
anneal step. However, it is still important to us to explore the individual reactions and the 
kinetics driving them, so we may gain a better understanding of the important processes 
that lead to this simple relation.  
Since a molecule containing multiple hydrogen bonds is more easily disassociated at a 
lower energy, low electron temperatures are shown to produce more silane components 
(SiH2, SiH3, Si2H6) than amine components (NH2, NH). This results in a lower deposition 
rate, due to the lower sticking coefficient of silane components compared to aminosilanes 
(SiH4-n(NH2)n).
26
  According to Masi et al., the kinetic scheme comprises six primary 
reactions:
28
 
𝑆𝑖𝐻4 + 𝑒
− → ∑ 𝑆𝑖𝐻4−𝑚
+
4
𝑚=1
+
𝑚
2
𝐻2 + 2𝑒
−                                           (7) 
𝑁𝐻3 + 𝑒
− → ∑ 𝑁𝐻3−𝑚
+
3
𝑚=1
+
𝑚
2
𝐻2 + 2𝑒
−                                          (8) 
𝑆𝑖𝐻4 + 𝑒
− →  𝑆𝑖𝐻3 + 𝐻 + 𝑒
−                                                     (9) 
𝑆𝑖𝐻4 + 𝑒
− →  𝑆𝑖𝐻2 + 2𝐻 + 𝑒
−                                              (10) 
𝑁𝐻3 + 𝑒
− →  𝑁𝐻2 + 𝐻 + 𝑒
−                                                (11) 
𝑁𝐻3 + 𝑒
− →  𝑁𝐻 + 2𝐻 + 𝑒−                                               (12) 
With the first two expressions accounting for the majority of ionization events, they are 
responsible for sustaining the plasma.
28
 The neutral disassociation events (last four 
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equations) account for the majority of radicals in the plasma and are the driving reaction 
rates behind creating the fragments that are most responsible for silicon nitride deposition. 
When silane reacts only with ammonia, it produces films with higher hydrogen content. 
However, if only silane and nitrogen are used, the film results in lower [Si-N] bonds. As a 
compromise, ammonia and nitrogen are used along with silane; this is because the [N-H] 
bond is much more easily broken than the [N-N] bond.  Radicals are created in bulk 
plasma, with a frequency of ~1MHz (determined from the dissociation rate) from an 
aminosilane precursor, formed from either 3 or 4 amine radicals. Aminosilane is reduced at 
the surface, losing one or two amine radicals. The typical sticking ratio is small (s = 0.15% 
at 18 W) and as the film is continually heated, ammonia out-diffuses. This ammonia 
originates from a condensation zone, where [N-H] bonds are broken if a [Si-H] bond is 
nearby to form stronger [Si-N] bonds. Tensile stress is generated by [Si-N] bonds 
stretching to interact with each other. Compressive stress is generated by thermal mismatch 
and ion bombardment, the latter occurring more often during a low-frequency and high-
power deposition. Figure 1 provides a schematic representation of silicon nitride film 
growth via high frequency PECVD and an ammonia/silane/nitrogen mixture. It details the 
condensation zone, where hydrogen is released back into the plasma as ammonia via 
interaction with large amine fragments. In the case of low-frequency deposition, this 
condensation zone would be a “packing zone” since ion bombardment is the dominant 
process.   
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Figure 1 | Schematic of plasma/silicon nitride interface. Ammonia gas is formed in the 
condensation zone as [Si-H] bonds come in close proximity to [N-H-N] bonds and release their 
hydrogen bonds forming a [Si-N] bond. This generates tensile stress and ammonia out-diffusion.
26
  
To understand the true composition of the film, gas spectroscopy should be applied. 
However, for a basic understanding of film composition, one can analyze the electron 
temperature from the known ionization and dissociation cross-sections, and resulting rate 
coefficients. In figure 2, a comparison of rate coefficients versus electron temperature, we 
see a significant silane ionization rate at 2 eV, our calculated temperature. Also at this 
temperature we see that our rate for ammonia dissociation is much higher than that of 
silane, which has been noted in past experiments.
26
  This comparison confirms previously 
suspected gas composition, consisting majorly of amine fragments bonded to a single 
silane fragment. We also see clearly that, at low electron temperatures, the processing 
gases dissociate primarily into ionized hydrogen and large molecules, SiH3
-
 and NH2
-
, 
resulting in a hydrogen-rich film. The system was analyzed with respect to pressure (Torr) 
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and ammonia/silane ratio (figure 3), revealing that pressure is a dominant factor. The 
detailed derivation of cross section and kinetic equations can be found in the Appendix.  
 
Figure 2 | The calculated rate coefficients of momentum transfer, dissociation, and ionization 
versus electron temperature. Our suspected temperature is ~2 eV, and, at this temperature, rate 
coefficients appear to be correct order of magnitude. 
 
Figure 3 | Electron temperature versus chamber pressure and ammonia/silane gas flow ratio. 
(left) The pressure is a dominant factor in determining electron temperature, with only a small 
contribution (right) from ammonia/silane gas ratio.   
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2.2 Theory of Strained Microtube Formation 
In order for the thin membrane to roll, sufficient strain must be embedded in the 
film, placing a constraint on the system. Compressive strain must be embedded in at least a 
fraction of one component to provide an expanding force, followed by one of two actions. 
The method used in this study relies primarily on changing the plasma frequency. 
22
 
Alternatively, one can begin the plasma deposition at a higher temperature, reducing 
temperature as deposition proceeds. 
9
  As seen in figure 4, two methods are employed to 
achieve microtube arrays depending on etchant speed and uniformity: timed etching 
(process #1) and anchored membranes (process #2), for slow and fast etches, respectively. 
The majority of fabrication was performed under process #1, achieving single and 
binocular shaped microtubes on silicon substrates. The latter is employed to achieve single 
roll microtubes or chiral microtubes secured with a robust anchor to the substrate.   
 
Figure 4 | Fabrication process for a rolled up SiNx microtube: a) Deposition of sacrificial layer 
and compressively strained layer (LF), followed by deposition of tensile strained layer (HF). b) 
Formation of rectangular mesa (optional) deposition of 100nm PECVD SiOx anchor, and either 
released from c) both sides (process #1) or  d) one side (process #2). In both processes, the initial 
pad dimensions determine the final geometry. e) Microtube diameter is determined by both LF and 
HF layer thickness, as described by equation (9).  Adapted from Froeter et al.
2 
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Deposition and fabrication of SiNx based microtubes can be condensed to three crucial 
steps (figure 4a-d): deposition of sacrificial layer and strained SiNx bilayer, patterning and 
dry etch, and sacrificial layer etching, which releases built-in strain and causes rolling from 
all unanchored sides. Strain, and thus diameter, in SiNx microtubes is influenced by 
PECVD deposition parameters and post-fabrication thermal processing.
22
  Specifically, the 
sacrificial layer used here was either a (111) silicon substrate or germanium on a SiO2 
substrate. When fabricating biologically compatible rolled-up interfaces, it is intuitive that 
additional care must be taken to remove residual contamination before using in biological 
applications. Initially, Si (111) substrates were utilized as sacrificial layers due to a low 
vertical etch rate and low film porosity, achieving the most uniform arrays on silicon. 
Under SEM inspection, sparse residue was identified on the substrate between microtubes.  
As an improvement over KOH etching, a germanium sacrificial layer was employed and 
successively etched in H2O2, which simultaneously cleaned the sample. E-beam evaporated 
Ge is deposited at a rate of 1 nm/sec under 1-2 μTorr to a thickness of 20-80 nm. The 
strained bilayer consists of a 15-30 0nm low frequency PECVD SiNx (under compressive 
strain) capped by a 15-300 nm high frequency SiNx (tensile). The design is patterned using 
AZ5214E photoresist and CF4 dry etch, which etches through the bilayer and into the 
sacrificial layer. We etch the sacrificial layer using appropriate etchant, 30% H2O2 at 80°C 
for Ge and 45 % KOH at 80 °C for Si.
22
  Finally, we immerse in methanol for 5 min and 
dry on hotplate at 100 °C.  To achieve binocular shaped microtubes instead of single rolled 
microtubes, the initial mesa width must be equal to or greater than twice the final 
circumference. Figure 4e summarizes the theoretical microtube diameters as a function of 
LF and HF thicknesses predicted by Eq. (9). As expected, microtube diameter increases 
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with the total thickness of the film and we can model this system by taking into account the 
bending stiffness, as is done in bimetallic thermostat deflection calculations (Timoshenko, 
1925).  SiNx s-RUM diameter D, in nm, can be expressed as:    
𝐷 =
𝐸12𝑡14+𝐸22𝑡24+4𝐸1𝐸2(𝑡13𝑡2+𝑡1𝑡23)+6𝐸1𝐸2(𝑡1𝑡2)2
3|𝛥𝜀|(1+𝜐)𝐸1𝐸2(𝑡1+𝑡2)(𝑡1𝑡2)
                             (13) 
where subscripts 1 and 2 represent LF and HF layers, respectively, Δɛ is the strain 
difference between LF and HF layers, t is thickness in nanometers of the individual layers 
(t), and ν is Poisson’s ratio. 
 
Figure 5| Experimental vs theoretical diameter. a) Array of 4.4 µm diameter tubes rolled from 
39 nm LF and 20 nm HF SiNx bilayers. Inset shows a single tube at high magnification. b) 3D Plot 
of tube diameter as a function of the compressive (LF) and tensile (HF) SiNx membrane 
thicknesses (Experimental: red spheres, Theory: green triangles). The planar projection of the plot 
(black squares) indicates the thickness combinations used for the diameter study. Adapted from 
Froeter et al.
22
 
The residual stress, , in the films was measured using a FSM 500TC metrology tool to be 
-1168 MPa and 406.95 MPa for the compressive and tensile strained SiNx films, 
respectively. The Young’s modulus, E, of the SiNx films is proportional to the film density. 
The film density can be manipulated by pressure, deposition plasma frequency, and 
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power.
26, 28
 The LF film exhibits a higher Young’s modulus than its HF counterpart, 
reported to be around 180 GPa and 170 GPa, respectively.
30
 Poisson’s ratio, ν, is found to 
be 0.25.
31
 The mismatch strain is calculated from residual stress and Young’s modulus of 
each layer using the following equation:   
Δɛ = (LF)/E(LF) - (HF)/E(HF)                                              (14) 
Good agreement has been found between the experimental and calculated diameters, as 
shown in Figure 5b. The stronger dependence of tube diameter on the compressive (LF) 
film thickness relative to the tensile (HF) film thickness is a result of the relatively larger 
Young’s modulus. An overall trend of decreasing deviation with increasing total thickness 
between the calculated and experimental values can be observed.  
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CHAPTER 3: SiNX MICROTUBES  
 
3.1 Applicable Areas 
In 2008, over 350,000 Americans used dialysis to supplement their kidney 
function
32
 and this number is expected to grow substantially in the future, as >26 million 
Americans have chronic kidney disease (CKD) as a result of diabetes and high blood 
pressure.
33
 At the same time, a wide range of drugs and fluids are administered to millions 
of patients each year using pumped intravenous (IV) delivery, often in combinations used 
to treat multiple conditions at once. Within the intensive care unit of hospitals, bedridden 
patients are routinely fitted with urinary catheters that allow drainage of their bladders, and 
laboratory-based tests are performed upon urine samples to periodically monitor the 
concentrations of excreted metabolites.  A microtube-based surface-enhanced Raman 
spectroscopy (SERS) sensor will allow for specific and predictable testing and 
enhancement of these Raman spectra. Electrically, as well as optically, functionalized 
microtubes can be utilized to sense fluctuations in cell activity and ion concentration. 
Several different designs have been produced to sense variances in ion concentration, 
biological signatures, and pH level, commonly referred to as ISFETs, ENFETs, or 
ChemFETs, respectively. They are all based on modulating the conductance of the FETs 
channel by using charged molecules accepted onto a bioreceptor, and can be collectively 
understood as conductance-based biosensors. They are efficient in a microfluidic 
environment and ultrasensitive in water or solution. 
34
 A standing issue is the planar 
structure used for most semiconductor devices; a wire bisecting the flow channel would 
utilize more surface area and not be subject to laminar flow associated with small channel 
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fluidics. Recently recognized is their therapeutic potential
16, 20
 for combating Alzheimer’s 
disease and multiple sclerosis (MS), which affect more than 5.8 million people in the US 
(2011 Report). At this time there are no definitive cures for Alzheimer's, MS, or most other 
degenerative brain diseases. As emerging biological research synergizes with fabrication 
technology developed in the micro-electronics industry, the miniaturization of 
multifunctional biomedical devices shows more promise than ever. The use of s-RUM 
biosensors is possibly the next large-scale medical advance, a door to repair broken 
electrical pathways in the human body, diagnose unknown diseases, and defend against 
bioterrorism. 
As the US health care industry seeks to more effectively provide medical treatment, the 
prospect of “intelligent” systems that are capable of gathering sensor readings from bodily 
fluids and providing accurate and timely information on the status of a patient to medical 
staff, or that can reduce the incidence of medication delivery errors, has gathered 
momentum.
35- 37
  However, an important bottleneck to the translation of such systems to 
clinical practice has been the prohibitive cost/complexity of sensors, and their lack of 
compatibility with the fluid-handling methods commonly used in hospitals. In these 
clinical scenarios, particularly those that involve the monitoring of fluid that is introduced 
to the patient’s body, it is not permissible to add foreign material to the fluid (such as 
fluorescent dyes or nanoparticles) that may harm the patient. It is also not permissible to 
withdraw small samples from the fluid using methods that may compromise sterility. 
Therefore, label-free methods that enable detection of analytes in the flow stream using 
their intrinsic physical properties, such as dielectric permittivity or molecular vibrational 
modes, are most desirable.  
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Expanding this idea to optically transparent, biocompatible
 
materials (SiOx, SiNx, etc.) 
allows the advancement of low-cost chemical sensors, cellular growth substrates, and 
micro-engines. Further, since we no longer rely on epitaxial growth, microtubes can be 
formed on any substrate, given that the material is inert to the sacrificial layer etchant. 
Using biocompatible microtubes opens up new routes for studying cellular growth 
dynamics and enables transparent multi-electrode arrays (MEAs) for simultaneous 
fluorescence and conduction velocity analysis. Additionally, degenerative diseases 
affecting the myelin sheath can be simulated using microtubes having various levels of 
porosity. The evidence shows that dielectric microtubes, specifically those made of silicon 
nitride, are indispensable tools in the investigation of currently incurable degenerative 
brain diseases. 
3.2 Intrinsic Charge of SiNx Microtubes 
Not only is it possible to create a variety of sensors from SiNx microtubes, but the 
film itself can be used to guide cellular growth and promote cellular attachment. It is well 
known that electrostatic interaction between the cells and substrates plays a crucial role in 
biocompatibility by influencing protein adsorption,
38, 39
 cell adhesion,
40
 proliferation,
39
 and 
survival.
41
 Many commonly used negatively charged substrates in cellular cultures (e.g. 
glass, silica, alumina) have a negative zeta potential at physiological pH, requiring PDL 
coating to achieve a positive charge and enhanced adhesion. In contrast, SiNx, with a 
positive zeta potential, can promote cell contact during seeding and maintain it thereafter.
42
 
The charge/electric-field distribution may further enhance axon extension toward the inside 
of the microtube. In fact, at the physiological pH used in this study, the surface charge of 
the SiNx bilayer is mild enough to avoid undesired protein coagulation and adsorption. 
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Hamaker constants are the dominant property when considering critical coagulation 
concentrations as the solution’s iconicity increases.43 The SiNx presented in this study, 
with a Hamaker constant of 1.9E-20 J, is significantly better at avoiding coagulation when 
compared to alumina, 4.1E-20 J, and within the range of approved biocolloids, 3E-21 to 
4E-20 J. 
43
 
 
Figure 6 | Capacitance-voltage (C-V) analysis of SiNx thin film. a) Metal insulator 
semiconductor (MIS) capacitor fabricated using 200 nm thick high frequency (HF) or 200 nm low 
frequency (LF) silicon nitride as the insulating layer on an n-Si wafer. In both cases 200 nm of 
aluminum (Al) was deposited onto the insulating layer. b) High frequency (1 MHz) capacitance-
voltage (HFCV) measurements of tensile HF- and compressive LF- SiNx reveal a large flat band 
voltage shift to the left, indicating a large quantity of fixed positive charges within the film. c) 
Quasi-static C-V (QSCV) measurement for 200 nm LF SiNx film at 1 kHz (white line) vs. high 
frequency measurement at 1 MHz (red line). d) Summary of measured and extracted electrical 
parameters by HFCV and QSCV analysis reflecting a higher fixed charge and interface trap density 
for the HF SiNx film.  
Fig. 6a shows a schematic of the fabricated metal-insulator-semiconductor (MIS) capacitor 
where the semiconductor substrate was n-type silicon with a resistivity of 3 Ω-cm (a 
doping density of ND~2x10
15
); the insulating layer was 200 nm high frequency (HF) or 200 
nm low frequency (LF) silicon nitride thin film; and the metal layer was 200 nm thick 
evaporated aluminum (Al) thin film. All testing pads were 640 μm in diameter. Although 
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the films used in these capacitors were thicker than the bilayer used in the rolled-up 
microtubes, identical deposition conditions were used. Note that a SiNx film deposited 
under our high frequency recipe exhibits negligible hysteresis; a -25 V shift is observed for 
either sweeping direction. However, SiNx deposited under our low frequency recipe 
showed a -2 V shift, from -18.5 V when sweeping from zero to negative values (0V to -40 
V) to -20.5 V when sweeping in the opposite direction (Fig. 6b). It is well known that fixed 
charges, as well as mobile charges, influence flatband shifts and hysteresis. Since these 
wafers were prepared and pre-cleaned using the industry standard RCA cleaning process, 
we can neglect mobile charges, simplifying our calculations. The 2 V hysteresis observed 
here may be attributed to charging and discharging of K centers, altered by the previously 
applied bias.
44
  There can also be a contribution to the flatband shift resulting from the 
formation of thin silicon or germanium oxynitride (SiOxNy or GeOxNy) films at the 
interface.
44
 In order to combat this, both samples were cleaned in HF for the same amount 
of time, placed in methanol and dried with N2 immediately before loading into the PECVD 
chamber.  
We can extract the interface trap density Dit via a quasi-static (QSCV) comparison with 
HFCV, shown in figure 6c for a 200 nm LF-SiNx film. In this case, HFCV was performed 
at 1 MHz and QSCV was performed at 1 kHz. Using Eq. (15) and extracted capacitances 
from QSCV vs. HFCV comparisons, we can accurately determine Dit.  
𝐷𝐼𝑇 =
1
𝑞
∗ (
𝐶𝑖𝐶𝑙𝑓
𝐶𝑖−𝐶𝑙𝑓
−
𝐶𝑖𝐶ℎ𝑓
𝐶𝑖−𝐶ℎ𝑓
)     (15) 
Clf (the quasi-static capacitance) is measured at the minimum (64 pF for LF film shown by 
blue line) and Chf is the high frequency capacitance and is measured at the same voltage 
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(30 pF for LF film). Likewise, for the HF-SiNx film we extracted 61 pF for Clf and 48 pF 
for Chf. The resulting charge densities, as well as relative permittivity (a useful quantity 
when determining the capacitance at a variety of bilayer thicknesses and ratio), are 
summarized in figure 6d for a 200 nm SiNx film; thus, we will need to normalize the fixed 
charge density to 20 nm. 
We observed flat band voltage shifts of -25 and -18.5 V for the 200 nm thick HF and LF 
SiNx films, respectively. The extracted fixed charge density would therefore be 4x10
11
 cm
-2
 
in the 20 nm HF-SiNx and 3.3x10
11
 cm
-2
 in the 20 nm LF-SiNx, assuming fixed charges are 
uniformly distributed.
45
 The fixed charge density can be extracted using Eq. (16)-(18).
46
  
𝑄𝑖 = 𝑄𝑓 + 𝑄𝑚 +𝑄𝑜𝑡 + 𝑄𝑖𝑡     (16) 
𝐶𝑖 =
(𝜖𝑖∗𝜖0∗𝐴)
𝑑
      (17) 
𝑉𝑓𝑏 = ∆𝜙𝑚𝑠 −
𝑄𝑖
𝐶𝑖
        (18) 
where Qi is the insulator charge, Qf is the fixed charge, Qm is the mobile charge, Qot is the 
oxide trapped charge, and Qit is interface trap charge densities. A is the area, d is thickness, 
and ϵo and ϵr are the free space and relative permittivity, Vfb is the flatband voltage, Δϕms is 
the metal-semiconductor work function difference (-0.213 V), and Ci is the insulator 
capacitance, which we extracted from the high-frequency capacitance vs. voltage (HFCV) 
sweep at 1 MHz. Assuming no mobile charges or oxide trapped charges, we can simplify 
Eq. (16) to only reflect fixed charges and interface trapped charges, those that are of 
concern to us, and successively solve for fixed charge density.  We arrive at the relation: 
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𝑄𝑓 =
𝐶𝑖
𝐴𝑞
∗ (∆𝜙𝑚𝑠 − 𝑉𝑓𝑏) − 𝑄𝑖𝑡    (19) 
The extracted Qf would therefore be 4x10
11
 cm
-2
 in the 20 nm HF-SiNx and 3.3x10
11
 cm
-2
 
in the 20 nm LF-SiNx.  When sweeping from negative voltages (rest at -40 V for 5 sec, 
sweep -40 V to 0 V), LF films will charge to 3.7x10
11 
cm
-2
, corresponding to a flatband 
shift at -20.5 V.  
To visually grasp the electrostatic environment experienced by the neuron, we performed 
FEM modeling to generate the quasi-static electric field emanating from the trapped 
positive charges in the SiNx microtube array. It can be seen that the field intensity is 
greatest near the opening of the microtube, but radiates from both microtube openings and 
sidewalls. This is sensible as both films comprising the microtube are positively charged, 
with the greater charge density trapped in the high-frequency film that lines the inside of 
the microtube. The electrostatic analysis suggests that trapped positive charges in the SiNx 
microtubes can also be responsible for the persistent guiding and enhanced growth of 
neuron cells, which are negatively charged. Naturally, the electric field intensity between 
microtubes increases as pitch decreases. As seen in figure 7, the developed FEM model 
allows us to reconstruct microtube arrays with charge density reflecting 20 nm thick LF- 
SiNx on the outside of the microtube and 20 nm HF- SiNx on the inside (Fig. 7a). Further 
manipulation of the model allows us to program microtube arrays with charge density 
reflecting 20 nm thick LF-SiNx on the outside and a negatively charged film, such as 
Al2O3, added to the inside, masking the positive charge radiating from the microtube 
opening (figure 7b). 
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Figure 7 | Electrostatic properties of SiNx microtube array. Superimposed SEM images of a 
microtube array (scale bar: 10 μm) with respective mapping of electric field lines between the 
microtubes with a longitudinal spacing of 40 μm. a) Microtube arrays with charge density 
reflecting 20 nm thick LF- SiNx on the outside of the microtube and 20 nm HF- SiNx on the inside 
and b) microtube arrays with charge density reflecting 20 nm thick LF-SiNx on the outside and 20 
nm HF- SiNx on the inside, except that a layer, such as Al2O3, is added in the inside to mask the 
positive charge radiating from the microtube opening.  (Simulation was done using High 
Frequency Structure Simulator, version 11.) 
Note that the simulation assumed the microtube array was supported by an electrostatically 
neutral substrate in air at room temperature. The operation frequency was set at 1 Hz, 
which has a corresponding wavelength (3×10
8
 m), much larger than the tube dimension; 
the charged tube structure was treated as a conductor, in which trapped charges were 
modeled as current flow; and lumped sources were used to feed different power levels into 
each microtube. The power of each feed was set up in simulation according to the positive 
charge density extracted from C-V analysis. The charge density in the microtubes was 
calculated by summing the contribution from the HF- and LF-SiNx sublayers within the 
film. Therefore, by assuming charges were uniformly distributed on the surface at a 
constant density, a quasi-quantitative field distribution can be achieved. To simplify 
simulation, the geometry of the microtubes was simplified to points. The microtube 
opening was set to 1 W feed-in power and the center point of sidewalls to 0.7 W feed-in 
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power, reflecting the respective geometry. Plotted electric field is normalized to 1 W input 
power of center tubes. The extracted charge density values were then used to map out the 
electric field lines of microtube arrays of different layouts. In order to find the static 
electric field distribution in area between microtubes, a quasi-static FEM simulation was 
performed using the High Frequency Structure Simulator (HFSS v.11) based on the charge 
density extracted from the C-V analysis.  
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CHAPTER 4: MICROTUBES FOR NEURAL GUIDANCE  
 
A major disadvantage of the commonly used substrate materials for neuron culture, such as 
bulk metal and inorganic semiconductor, is their low bio-compliance and poor optical 
properties. On one hand, a native brain environment is extremely soft with an elastic 
modulus in the range of 0.1-10 kPa,
47
 while the substrates are significantly stiffer with an 
elastic modulus on the order of 10-200 GPa. Such a vast discrepancy introduces a 
mechanically distorted microenvironment to surrounding neurons, influencing cell 
behavior (development, outgrowth, migration etc.) and misrepresenting neural network 
function.
48-50
 At the tissue level, low bio-compliance may further abolish the in vivo use of 
the electrode interface by inducing electrode-tissue micromovement and subsequent 
immunological rejection.
51,52
 Another challenge involves the lack of confined guidance and 
intimate contact to small-diameter axons, this often leading to low signal-to-noise ratio 
(SNR) and poor fidelity over time, especially when high-resolution recording (e.g. single 
neuron level) is desired. Therefore, measurable electronic coupling between electrode 
probes and neuronal membranes requires close vicinity or even direct contact.  
Unlike polymer channels that confine growth in 1.5 dimensions, microtube-based 
substrates provide complete radial confinement as well as an opportunity to create complex 
material combinations. 
1-21
 Ultra-thin membranes possess novel qualities that are 
particularly attractive to tissue engineering, such as the improved optical transparency and 
mechanical properties that match to cell stiffness. 
53,54
 Optically transparent thin films can 
also achieve self-rolled-up tubular structures, advancing the study of general cell guidance 
and electro-photonic interaction, such as a multilayered SiOx/SiO2/Al2O3 microtube.
33
 The 
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mouse motor neurons cultured on the insulating microtube platform exhibit enthusiastic 
interaction with the structures. However, at the diameter of 15 μm, these microtubes were 
far beyond the dimension required to confine axons. It was also reported that axons exhibit 
a general tendency to grow through semiconductor microtubes, but with lower guidance 
(SiGe/Si, GaAs/InGaAs).
1,16
  In this case since the carrying substrate materials are opaque, 
cell growth dynamics were difficult to monitor through live-cell imaging.
1, 16
 
Our recent progress with SiNx s-RUM technology made it possible to engineer microtubes 
on a broad range of substrates; this offers unprecedented flexibility in the selection of 
substrates for various functions. For example, one can make microtubes on bendable 
substrates for flexible integration, on soft polymers for biomechanical study, and on 
transparent glass slides for optical characterization and manipulation. Furthermore, 
PECVD makes it possible to independently tune material properties and composition, 
affecting porosity, capacitance, index of refraction, and hydrophobicity.  
4.1 Enhancement of Cortical Axonal Guidance 
In order to provide 3D scaffolds that guide and confine individual axons, the size of 
the microtube needs to be precisely controlled at a slightly larger diameter than that of a 
typical axon (2-3 μm). Smaller microtubes resulted in failed in-tube growth, while tubes 
that are too large tend to include multiple axons or even neural soma.
16
 For the SiNx 
microtubes used in this study, a proper diameter was achieved by controlling the thickness 
of the tensile and compressive stressed layers in the deposition process.  
To demonstrate the general guidance effect of tubular structures, a cortical neuron cell 
culture was seeded on a large array of SiNx microtubes. Figure 8a shows an SEM image of 
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a typical microtube array on a silicon substrate. This specific sample was 4.4 µm in 
diameter (8a inset) and 50 µm in length. The pitch is 40 µm in the longitudinal direction 
and 50 µm in the transverse direction. Seen in figure 8b, the axon bundles robustly follow 
the microtube geometry and array layout with a preferential linear path, and very little off-
path growth. Within most of the bundles, guidance along microtubes, both inside and 
outside, was observed, suggesting a mixed guiding effect. Using binocular shaped 
microtubes, the tube walls not only effectively separate parallel processes, but also provide 
a better scaffold for separating extensions as the culture matures. Because of these 
attributes, binocular microtube architecture is attractive when designing an interface that 
couples discretely with parallel processes bundled in complex networks.  
 
Figure 8 SEM image of SiNx microtube array and the corresponding immunocytochemistry 
of neural culture fluorescence images.  a) Single roll SiNx microtube array on a Si (111) 
substrate. Close-up SEM images show fully-enclosed 3D tubular scaffolds, with diameter of 4.4 
µm (inset) and length of 50 µm.  The scale bar in inset represents 5 µm. b) High-density seeded 
neuron culture, fluorescently labeled for axon localization (scale bar =100 µm).  Adapted from 
Froeter et al.
2 
Prior to cellular culture, the microtube-contained substrate was stored in 70% ethyl alcohol 
for cleaning and sterilizing. Prior to poly-D-lysine (PDL) coating, the sterilized substrate 
was carefully flooded by pre-autoclaved Milli-Q deionized water three times to rinse off 
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alcohol. Every procedure after this point was performed in a sterile environment. The 
substrate was subsequently dried and treated with UV exposure for 15 minutes, followed 
by PDL coating. Poly-D-lysine in a final concentration of 0.1 mg/mL was used to coat the 
substrate surface and facilitate cell adhesion.  
For axon guidance study, E15.5 cortical neurons obtained from Swiss Webster mice were 
used. Briefly, the cells were dissociated by treating with trypsin (0.25%, 15 min, 37 
o
C), 
then triturated, diluted in plating medium (neurobasal medium with 5% FBS, Hyclone, 
B27 supplement, 2 mM glutamine, 37.5 mM NaCl, and 0.3% glucose), and plated onto the 
substrates in a 35 mm Petri dish. Cells were seeded at either low density (5,000 cells/cm
2
) 
or high density (50,000 cells/cm
2
) as indicated in result section. After one hour, the sample 
was flooded with serum-free medium (plating medium without FBS) and cultured for 5-7 
days, unless indicated otherwise. The culture sample in Figure 8 was fixed in 4% 
paraformaldehyde/Krebs/sucrose at pH 7.4, blocked with 10% BSA/PBS, permeabilized in 
0.2% Trition X-100/PBS, and labeled with antibodies to tyrosinated tubulin at 1:1000 
(YL1/2 clone, Chemicon
55
). Secondary antibodies coupled to Alexa 568 (Invitrogen) were 
used at 1:500. The immunostained cell cultures were imaged with a Fluoview500 AX70 
upright (Olympus, USA) microscope through a 40X water-immersion lens of numerical 
aperture 0.8. 
It is of great interest for neural physiological study to provide non-confined regions 
without disrupting guidance. For instance, such regions can be pin-pointed for access of 
chemical perfusion and patch-clamp. Furthermore, similar to the internodal segment of 
myelin, these unbound regions allow ion exchange with culture medium at selected 
regions.
56
 This may serve as the structure basis for salutatory conduction that further 
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facilitates signal transduction efficiency of neurons in the application of neural 
interfaces.
57-60
 
 
Figure 9   Time-lapse phase contrast images of a living cortical neuron. Each frame, from top 
to bottom, represents growth cone’s location (arrows) at key time-points (from top to bottom): 
11:15, at tube inlet; 12:30, inside tube; 19:45, at tube outlet; 26:45, back on planar glass substrate. 
Time is denoted in hh:mm. Specific details of equipment setup are described elsewhere.
52
  
As seen in figure 9, the axon outgrew onto and traversed 40 μm of the flat coverslip 
between microtubes at a rate of ~2-7 μm/hr. As the growth cone grew into the microtube, 
its speed increased by ~20 fold in the first half of the microtube. Although the process 
slowed down as the axon navigated the microtube, the speed within the microtube was still 
much higher (~4X) than that on planar substrate. Once the growth cone exited the 
microtube, the outgrowth speed dropped back to <7 μm/hr. Similar enhancement was 
observed in other confined guidance (e.g. microfluidic channels), however, it was less 
drastic (2-3 fold) compared to our observation.
61-63
 We speculate that the greater speed also 
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correlates with the limited branching nature of the axon in such confined spaces. The more 
confined the axon, the more biased this distribution is likely to be, thereby speeding up 
axon outgrowth.  
Several characteristics of the SiNx microtubes may contribute to the enhanced axon 
guidance and growth within the microtubes. One major factor is the 3D tubular scaffold 
that provides complete radial confinement to axons.  It is known that although bulk 
PECVD SiNx film has a relatively high Young’s modulus,
64
 as the film thickness falls in 
the nanometer range, the bending modulus becomes much smaller.
65
 This is beneficial, 
since neurons exhibit increased outgrowth on less stiff substrates.
66
 Below a wall thickness 
of 40 nm, we have observed that the tubular membrane became conformal as the axon’s 
diameter increased to a comparable size as the microtube.  
4.2 Enhancement of Hippocampal Attachment and Dendritic Guidance 
To further test the hypothesis that electrostatic attraction enhances cell adhesion 
and growth, we cultured primary neurons on planar SiNx film coated glass coverslips and 
compared them with neurons grown on bare glass coverslips under the same initial seeding 
density. Primary hippocampal neurons were harvested from postnatal day two (P2) Long-
Evans BluGill rats (University of Illinois at Urbana-Champaign). The animals were used in 
accordance with the protocols established by the University of Illinois Institutional Animal 
Care and Use Committee, as well as all state and federal regulations. The hippocampi were 
isolated in Hibernate-A (Brain-Bits, Springfield, IL) and the dissociated neurons were 
cultured Neurobasal-A without phenol red (Invitrogen) media. Each medium was 
supplemented with 0.25% GlutaMAX™ (Invitrogen), 2% B-27 (Invitrogen), and 1% 100 
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U mL
-1
 penicillin and 0.1 mg mL
-1
 streptomycin (Sigma-Aldrich). The primary culture 
protocol was adapted from Millet et al. 
67
 The brain hippocampi were dissected and 
removed to ice-cold Hibernate-A. Four hippocampi from two rats were pooled in 
Hibernate-A with activated papain (25 U mL
-1
, Worthington) and treated at 37 °C for 15 
min with agitation every 5 min to maintain separation of the tissue for complete exposure 
to the enzyme. The enzyme was aspirated and the tissue was washed with enzyme-free 
Hibernate-A. Fresh Hibernate-A was added and the cells were mechanically dissociated by 
trituration with a fire-polished glass Pasteur pipette. After the undissociated tissue settled, 
the supernatant was transferred to a new 15 mL conical tube, and the trituration was 
repeated with new Hibernate-A. Then, the enzyme treatment, wash, and mechanical 
dissociation were repeated. Next, the combined cell suspension was centrifuged at 1400 
rpm for 5 min and the cells were re-suspended, counted, and diluted in Neurobasal-A. 
PDL-coated SiO2 and SiNx-bilayer/SiO2 coverslips were seeded at a density of 150-200 
cells mm
-2
 for the 4 DIV cultures and 600 cells mm
-2
 for the 3 DIV culture. Cultures were 
kept in a humidified incubator at 37 °C with 5% CO2 until fixation at 3 or 4 DIV. After 4 
DIV, the cultures were fixed with 4% paraformaldehyde for 20 min, permeabilized with 
0.3% Triton X-100 in PBS for 10 min, and blocked in 5% normal goat serum (NGS) in 
PBS for 30 min, all at room temperature. Between each step, the cultures were washed 
with PBS. Cultures were stained with rabbit poly-clonal anti-MAP2 (1:1000, Chemicon), 
and mouse mono-clonal anti-GFAP (1:1000, Chemicon) to label the dendrites and identify 
astrocytes, respectively. The primary antibodies were incubated for one hour at room 
temperature and incubated at 4 °C overnight. The following day, the cultures were washed 
with PBS, then secondary antibodies were added and incubated for one hour at room 
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temperature: Alexa Fluor 594 goat anti-rabbit (1:1000, Molecular Probes); Alexa Fluor 
488 goat anti-mouse (1:1000, Molecular Probles). Finally, the cultures were stained with 
DAPI (1:50000, Invitrogen) for 10 min at room temperature to identify cell nuclei. 
Following a final PBS wash, the cells were stored in fresh PBS until imaging. Cultures 
were imaged on a Zeiss Axiovert 100 TV fluorescence microscope, as well as on a Nikon 
Optiphot-2 fluorescence and phase-contrast microscope. 
 
Figure 10 | Comparison of neural culture on 2D planar control samples. MAP2 and DAPI 
staining of hippocampal neurons cultured on a) a PDL coated glass coverslip and b) a PDL coated 
40nm SiNx film deposited atop a glass coverslip (scale bar 50μm). c) Comparison (sample 
number=3) of control sample characteristics: average number of neurons and extension length. *An 
unpaired Student’s t-test (one-tailed) returned a p-value > 0.05, indicating no significant difference 
in the process lengths on the glass coverslips compared to the SiNx bilayer. 
As shown in the fluorescent stain (Fig. 10a, b) and summarized in 10c, the cell density at 
4DIV is significantly higher on the planar SiNx bilayer coated coverslip, nearly doubled as 
compared to that on the normal coverslip. On the other hand, the length of the neural 
extensions does not vary significantly between the two substrates, suggesting that this thin 
film induces negligible impact on axonal outgrowth. While the SiNx hardly impacted cell 
expression, it nearly doubled cell density, indicating that SiNx provides better cell adhesion 
and a more attractive substrate than glass.  
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To investigate whether the preferential attachment and guidance that exist on SiNx film 
also exist through a charge-based mechanism, we compared axon outgrowth on silicon 
(111) and SiNx thin film that have a similar Young’s modulus (~170 GPa) but with vastly 
different surface charge. Shown in Figure 11, 10 nm of HF SiNx was deposited on a silicon 
substrate (~170 GPa) and patterned into 8.4 μm wide stripes separated by 6.6 μm. SEM of 
this culture shows superior attachment to silicon nitride, despite the similar Young’s 
modulus.  
 
Figure 11| SEM imaging of hippocampal cell culture on Si(111)/SiNx strips. a) 15 μm pitch 
with 8.4 μm wide SiNx strips showing preference for SiNx. b) Extensions grow out and onto SiNx 
when the cell lands in between two strips and c) typically maintain unconfined guidance for over 
100 μm. 
Prior to SEM imaging (Figure 11), the cell culture was fixed in mixed primary fixative of 
2% paraformaldehyde/Krebs/sucrose and 2.5% glutaraldehyde in phosphate buffer at pH 
7.4 for 30 min, then rinsed three times with phosphate buffered saline (PBS) solution. The 
cell culture was then treated with post-fixative of 1% osmium tetraoxide in phosphate 
buffer at pH 7.4 for 1 h, and then rinsed thoroughly with PBS solution. The fixed sample 
was dehydrated through ethanol series with 10%-90%, and three times 100%, over 30 
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minutes. The dehydrated sample was then dried in a critical point dryer, and sputter-coated 
with ~2 nm gold-palladium. SEM images were taken with LEO Gemini 1530 at 45° tilting. 
The improved attachment to SiNx is obvious from the cell density on planar control 
samples (Fig 10c), but the guidance seen in Fig. 11c is exceptional, maintaining trajectory 
over 100 μm. Note that the process is guided down the center of this 10 nm tall membrane, 
rather than at the step edge or within the trench. In further support, both lines and trenches 
were uniformly coated with PDL and should have the same base charge density; thus 
enhanced attachment must be driven by electrostatic properties intrinsic to the SiNx film.   
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CHAPTER 5: CONCLUSION 
In summary, we have demonstrated that self-rolled-up SiNx microtube arrays not only 
provide a versatile platform for multisensory integration, but are extremely well-fitted for 
the task of cortical axon guidance and growth enhancement for primary culture cells. The 
bio-compliant and bio-compatible nature, along with the universal applicability to any 
substrate, makes it ideal for integration. This platform is easy to manipulate yet versatile, 
as properties of SiNx thin films, such as porosity, periodic texture, and trapped charge 
density, can be programed using a single PECVD tool. The geometry of the rolled-up 
structures, including the global and local variations of diameter, length, and spacing, can 
be precisely controlled. The ability to guide neurons using both single chamber (single 
roll) and multi-chamber (binocular) cuffs increases the complexity achievable in a single 
unit. The coaxially-confined and periodically-spaced axon-in-a-tube configuration 
resembles that of myelin sheaths and Ranvier node in the nerve system. In addition, the 
ability to roll-up other functional structures such as multiple electrode arrays (MEA) with 
SiNx s-RUMs, could provide an ideal route for integration of electrodes into neural 
cultures, coupled with photonics, for direct monitoring of dynamic neural activities and 
recording action potentials with better resolution and accuracy. With continued research at 
the single-cell as well as at the network level, we are confident that this innovative 
nanotechnology platform will stimulate new research directions and bring new discoveries 
in the field of neural regeneration. 
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APPENDIX: DETERMINING CROSS-SECTION, KINETICS, AND 
ELECTRON DENSITY IN A PECVD 
A.1 Cross-sections 
Since ammonia/silane systems are rather complex, we simplify the system to 
consider only cross sections for momentum transfer, disassociation, and ionization. We can 
also consider vibrational excitation and attachment cross sections. However, due to silane’s 
wider use in PECVD, its cross sections are much more widely researched than those of 
ammonia, which lacks experimental data in the energy range of our interest. As a result the 
ammonia momentum transfer cross section was compiled from two separate data sets 
(Jain
68
 and Varella
69
) to span 0.01 to 30 eV. The dissociative/attachment cross sections 
were adopted from
70
 and the total ionization cross section from Märk.
71
 In later 
calculations, the momentum transfer cross section will use the experimental data, whereas 
the dissociation and ionization cross sections will be approximated by a square function 
and step function, respectively. Figure 12 shows the cross sections of ammonia: (from left 
to right) reconstructed elastic, dissociation, and ionization cross sections adapted from 
literature.
69-71
 Likewise, figure 13 shows the elastic, dissociation, and ionization cross 
sections for silane gas.
72
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Figure 12 | Elastic, dissociation, and ionization cross sections of NH3. (Left) The summed 
elastic cross sections from 0.01 to 30 eV determined by electron impact [blue,
69
 green 
68
]. (Middle) 
dissociative cross section of NH3 to NH2
-
 and H
-
, peaking at 5.7 and 10.5 eV.
70
 (Right, solid black 
dots) Absolute ionization cross section determined by electron impact, beginning at ionization. 
71
 
 
Figure 13 | Elastic, dissociation, and ionization cross sections of SiH4. The experimental plus 
theoretical momentum transfer cross section, dissociation attachment cross section, and ionization 
cross section for silane.
72
 
 
A.2 Kinetic Equations 
𝑘(𝑇𝑒) =  ∫ 𝑓(𝜀, 𝑇𝑒) (
2𝜀
𝑚𝑒
)
1
2
𝜎(𝜀)𝑑𝜀                                             (20)
∞
0
 
 
 
37 
 
The components determining our reaction rate are the impact cross section and the 
electron energy distribution (EED). The EED can be determined by solving the Boltzmann 
equation, which, at a high ionization degree resembles a Maxwellian distribution function. 
The Boltzmann equation and Maxwellian like EED are shown below. 
𝑑𝑓
𝑑𝑡
+ 𝒗 ∙ ∇𝑟(𝑓) + 𝒂 ∙ ∇𝑣(𝑓) = [
𝜕𝑓
𝜕𝑡
] (𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠)                             (21) 
𝑓(𝜀, 𝑇𝑒) =
2
√𝜋(𝑘𝑇𝑒)
3
2
𝜀
1
2𝑒(− 
𝜀
 𝑘𝑇𝑒)                                         (22) 
However if we take into account the typical conditions of a PECVD, we find that because 
we are not at thermodynamic equilibrium, the Maxwellian distribution does not accurately 
characterize the system. In this case different assumptions must be made and Boltzmann 
equation solved again. We could assume that the dominant reactions are elastic ones, by 
taking into account that the elastic collision frequency is orders of magnitude higher than 
the inelastic one, typically 10
9
 Hz compared to 10
4
 Hz, respectively.
28
 If also assume the 
momentum collisional cross section to be inversely proportional to the electron velocity, 
then we can adopt the Druyvesteyn distribution function:
28
 
𝑓(𝜀, 𝑇𝑒) = 0.566√𝜀 ∗ (𝑘𝑇𝑒)
(− 
3
2) ∗ 𝑒−0.244(
𝜀
𝑘𝑇𝑒)
2
                            (23) 
We can then integrate our rate equation for each of our processes using the Dryvesteyn 
electron distribution and experimentally determined cross sections to find the rates for: 
Momentum transfer, dissociation, and ionization. The momentum transfer integral was 
evaluated as done in Lieberman.
29
 With regards to cross sections, Te was approximated as 
~2.05 eV from 
28
 then the average energy, <ε>, was found by <ε>=1.5Te=3 eV. When 
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referenced with the cross sections discussed earlier SiH4 shows a larger cross section, 
which is expected from the Si-H bond relative to N-H. The integral evaluates to the 
following value, where the cross section is in parenthesis: 
𝑘𝑚𝑜𝑚𝑆𝑖𝐻4 = 5.92 ∗ 107 ∗ (2.9 ∗ 10−15) = 1.7 ∗ 10−7
𝑐𝑚3
𝑠
                (24) 
𝑘𝑚𝑜𝑚𝑁𝐻3 = 5.92 ∗ 107 ∗ (1.8 ∗ 10−15) = 1.1 ∗ 10−7
𝑐𝑚3
𝑠
                 (25) 
Dissociation accounts for most of the radicals and is the main driving rate behind silicon 
nitride deposition. Dissociation cross sections were approximated using a square function 
and an average cross section. There is only one dissociation/attachment process for SiH4 
centered at 8.75 eV, but two processes for NH3 centered at 5.7 and 10.5 eV:  
𝑘𝑆𝑖𝐻4𝑑𝑖𝑠 = 6.97𝑒7 ∗ √𝑇𝑒(𝑒𝑉) ∗ (3𝑒 − 18 𝑐𝑚2) ∗ (𝑒
−
24.4
𝑇𝑒2 − 𝑒
−
13.73
𝑇𝑒2 )
𝑐𝑚3
𝑠
         (26) 
𝑘𝑁𝐻3𝑑𝑖𝑠1 = 6.97𝑒7 ∗ √𝑇𝑒(𝑒𝑉) ∗ (2.25𝑒 − 18 𝑐𝑚2) ∗ (𝑒
−
11.96
𝑇𝑒2 − 𝑒
−
5.5
𝑇𝑒2)
𝑐𝑚3
𝑠
   (27) 
𝑘𝑁𝐻3𝑑𝑖𝑠2 = 6.97𝑒7 ∗ √𝑇𝑒(𝑒𝑉) ∗ (5𝑒 − 19 𝑐𝑚2) ∗ (𝑒
−
36.6
𝑇𝑒2 − 𝑒
−
22
𝑇𝑒2)
𝑐𝑚3
𝑠
       (28) 
Ionization cross sections were approximated by a step function beginning at the ionization 
threshold and maintaining a constant cross section for all energies.  The ionization cross 
section for silane was found to be larger, as shown below, leading to a larger reaction rate: 
𝑘𝑆𝑖𝐻4𝑖𝑜𝑛 = 6.97𝑒7 ∗ √𝑇𝑒(𝑒𝑉) ∗ (5𝑒 − 16 𝑐𝑚2) ∗ (𝑒
−
35.1
𝑇𝑒2)
𝑐𝑚3
𝑠
                (29) 
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𝑘𝑁𝐻3𝑖𝑜𝑛 = 6.97𝑒7 ∗ √𝑇𝑒(𝑒𝑉) ∗ (2𝑒 − 16 𝑐𝑚2) ∗ (𝑒
−
24.4
𝑇𝑒2)
𝑐𝑚3
𝑠
                (30) 
The frequency of events can be found by multiplying the reaction rate the gas number 
density per cc: ν=k*Ngas. For average momentum transfer frequency, if we assume 
chamber pressure is 1 Torr we find νmSiH4=2.86 GHz and νmNH3=1.85 GHz. These 
values are close to what we expected, from our estimate earlier.  
A.3 Obtaining Electron Temperature 
The electron temperature can be found by evaluating the electron density flux rate 
equation in steady state conditions. From 500 mTorr to 1.5 Torr the gas density ranges 
from Ngas=1.68*10
16 
cm
-3
 to 8.42*10
15 
cm
-3
. The ion diffusion constant can then be evaluated 
as Di = 370 cm
2
/s.
28
 Electron temperature can be obtained in steady state by the following 
equation: 
𝜕𝑛𝑒
𝜕𝑡
= 0 = 𝑛𝑒 [𝑘𝑖𝑜𝑛𝑁𝐻3 ∗ 𝑁𝑔𝑎𝑠 ∗ 𝑅 + 𝑘𝑖𝑜𝑛𝑆𝑖𝐻4 ∗ 𝑁𝑔𝑎𝑠 ∗ (1 − 𝑅) −
𝐷𝑎
𝛬2
]            (31) 
𝑊ℎ𝑒𝑟𝑒, 𝐷𝑎 = 𝐷𝑖 (1 +
𝑇𝑒
𝑇𝑔𝑎𝑠
)                                           (32) 
𝐴𝑛𝑑, 𝛬 =
𝐿
𝜋
, 𝑤ℎ𝑒𝑟𝑒 𝐿 𝑖𝑠 𝑐ℎ𝑜𝑠𝑒𝑛 1.3𝑐𝑚                                 (33) 
The binary diffusion constants for an ammonia/silane discharge are have been gathered by 
Masi et al from several sources. The ion diffusivity can be then be estimated by a linear 
combination of the binary diffusors. The ion diffusion constant can then be evaluated as Di 
= 370 cm
2
/s from his tabulations.
28
 We will assume that Tgas= 573 K (300 °C). Taking 
these parameters into account, we find that Te ranges from 2 to 1.89 eV. 
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2.67 ∗ 105 ∗ √Te ∗ e
−
35.1
Te2 = 1 +
𝑇𝑒
49𝑚𝑒𝑉
                               (34) 
A.4 Obtaining E/N and Electron Density 
To gain further knowledge about our system we will look at the electric field 
normalized to the gas density, E/N, or the characteristic parameter. We need to know a bit 
of information regarding ∆ε and M, the mass of the gas. ∆ε for SiH4 dissociation is 7.5 eV, 
for NH3 dissociations are 4.7 5eV and 9.5 eV. ∆ε for SiH4 ionization is 12eV, whereas for 
NH3 it is 10 eV. M can be determined from summing the masses of the gasses involved, 
which is 49 amu. After the proper data is obtained, the following equation can be used to 
find (E/N):  
𝑇𝑒 = 𝑇𝑔𝑎𝑠 +
2𝑀
3 ∗ 𝑘𝑏 ∗ 𝑚𝑒
[
𝑞2
(𝑚𝑒 ∗ 𝑘𝑚𝑜𝑚2)
(
𝐸
𝑁𝑔
)
2
− ∑ ∆𝜀 ∗
𝜐𝑖
𝜐𝑚𝑜𝑚
𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐
]            (35) 
𝑇𝑒 = 49 𝑚𝑒𝑉 + 3
∗ 104 [2.24 ∗ 1014 (
𝐸
𝑁𝑔
)
2
− (10𝑒𝑉) (0.125√𝑇𝑒 ∗ 𝑒
−
24.4
𝑇𝑒2)
− (12 𝑒𝑉) (0.202√𝑇𝑒 ∗ 𝑒
−
35.1
𝑇𝑒2)]                                                                (36) 
𝐸
𝑁
= √
𝑇𝑒 +  3.75 ∗ 104√𝑇𝑒 ∗ 𝑒
−
24.4
𝑇𝑒2 +  7.27 ∗ 104√𝑇𝑒 ∗ 𝑒
−
35.1
𝑇𝑒2 − 0.049
6.72 ∗ 1032
          (37) 
The electron density can then be found from the (E/N) ratio and the current density, J, 
using the following equation: 
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𝐽 =
𝑞2 ∗ 𝑛𝑒
𝑚𝑒 ∗ 𝑘𝑚𝑜𝑚
(
𝐸
𝑁𝑔
)                                                    (38) 
The resulting E/N and electron density versus process parameters, pressure and gas ratio, 
are plotted in figure 14 and 15, respectively. We can see from these relations that the 
normalized electric field/gas density ratio decreases with both pressure and ammonia flow, 
but more rapidly with pressure. Likewise, pressure is the dominant factor in electron 
density. 
 
Figure 14 | E/N versus chamber pressure and ammonia/silane ratio. The pressure has a much 
greater effect and can induce a much larger range than modulating the gas flow ratio.  
 
Figure 15 | Electron density versus chamber pressure and ammonia/silane gas flow ratio. 
Density increases with pressure, and increases with larger ratios of ammonia.  
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